One of the challenges facing microrobotic manufacturing is the ability to sense interactions for force-guided assembly of small devices. There is a need for a force transducer with the ability to sense forces in multiple degrees-of-freedom in the mN range with resolution on the order of 10 µN for microassembly applications. This paper presents theoretical studies for developing a surface micromachined piezoresistive force transducer that can measure normal force in the zdirection and moments about the x and y-axes. The devices proposed here are based on a compliant platform design with integrated piezoresistive sensing elements fabricated in a modified SUMMiT process. Various configurations and sensor element layouts are explored to determine the relationship of the applied forces and moments experienced during assembly and the corresponding strain. Structural and finite element analysis is used to determine the elastic response of the device and establish the best locations and orientations of the sensing elements to effectively utilize the piezoresistive effect of the polysilicon sensors. Initial experiments show the polysilicon piezoresistors to have a gauge factor of approximately 25. The expected sensitivities for these devices are presented.
INTRODUCTION
A wealth of research has been conducted in Microelectromechanical Systems (MEMS) technology, but few applications have successfully made it to market. One limiting factor is a lack of reliable microassembly techniques. Some micromachining processes, such as surface and bulk micromachining, yield batch fabricated parts and often do not require post-fabrication assembly steps [1, 2] .
Other fabrication methods, such as LIGA, do require assembly [3, 4] . There are also hybrid microsystems in which components from various fabrication methods must be integrated to create the functioning device [5] . Assembly tasks for parts of this size, from 10-100 microns, require very precise, controlled manipulation in order to produce complex, functional MEMS devices.
A variety of techniques have been developed to facilitate such assembly processes, including the use of microrobotic work cells that utilize methods from traditional robotic manufacturing [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Visual feedback techniques may be well suited to the assembly of MEMS components in which small lot sizes and diverse parts makes traditional fixturing infeasible [8] . Systems that rely on visual feedback alone can suffer from the limited depth perception available when viewing images at high magnification [8, 12, 13, 15] . Advanced vision techniques, such as "depth from focus" use a series of 2-D images to produce a 3-D map of the work area, and have improved assembly procedures [15, [17] [18] [19] . However, even with these improvements, visual feedback can be rather costly, slow and require an elaborate equipment setup. Additionally, the view may become obstructed by the work tool or assembly component during complex assemblies [12] . The integration of force feedback into microgrippers and tweezers for pick and place operations has led to improvements in yield and reliability [9, 11, 12, [14] [15] [16] . Similarly, the incorporation of force feedback information from parts interactions during the assembly process will lead to more reliable and robust assembled devices [13] [14] [15] [16] .
One classical application for assembly is for pin-in-thehole operations. This simple problem of inserting a pin or shaft into a hole accurately depicts many real-world assembly tasks and can be used to characterize an assembly method. Whitney outlines the forces and reactions experienced during this type of assembly task that can be characterized by a force in the z-direction, and moments about the x and y axes [20] . Typical reaction forces produced during microassembly can range from mN to µN [7] .
There are currently few, if any, commercially available force transducers that can meet the needs of such microassembly operations. For example, the Nano-17 force transducer from ATI Industrial Automation can measure forces in the range of ±17 N with a resolution of 12.5 mN [21] .
Previous researchers have developed force transducers that are often very specific to one application and may lack the versatility to be used for other purposes. Sun et al. [22] developed a device to sense forces in the x and y directions with resolutions less than 1 µN. This device used capacitive comb drives. While the resolution for the device is very good, the current comb drive configuration may not be able to accommodate larger ranges of forces while maintaining this level of resolution.
Other researchers have explored piezoresistive sensors for small force applications [12, 14, 16, 23, 24] . Dao et al. [23, 24] developed a six-degree-offreedom piezoresistive sensor with mN range. This sensor used a compliant platform approach with 16 embedded peizoresistors arranged in a half-active Wheatstone bridge fashion. This design is well suited for the microassembly applications discussed here. In this paper, the implementation of this design in a surface micromachined process is explored.
The objective of the research is to design and develop a surface micromachined force transducer that measures the force in the z-direction and moments about x and y axes. This transducer will need to detect loads in the mN range with resolution on the order of 10 µN. The proposed device incorporates piezoresistive sensing elements onto a multi-leg, compliant platform device, yielding a three degree of freedom force transducer. Because the piezoresistive effect is lower in polysilicon than in silicon, the challenge will be to create a design to compensate for this reduced sensitivity. Various configurations and sensor element layouts are explored to determine the relationship of the applied forces and moments experienced during assembly and the corresponding strain. This paper presents the supporting theory and proof-ofconcept for the resulting micromachined devices. 
NOMENCLATURE

SENSING MECHANISM
There are two sensing methods that are most often employed in micromachined sensors: capacitive sensing and piezoresistive sensing. Of these methods, capacitive sensing provides high resolutions but can require complex circuitry to process the signal, especially for multi-axis applications. Alternatively, piezoresistive sensing is easy to implement and can even be accomplished without the use of a complimentary metal-oxide semiconductor (CMOS) process. Piezoresistive methods have also been proven viable as shown by Stalford et al. [25] , who demonstrated the use of piezoresistive sensing created entirely within a modified SUMMiT fabrication process. Drawbacks to piezoresistive sensing include a large area needed for the resistor elements and piezoresistive sensing can be time dependent. For the application in this paper, the sensor design is sufficiently large that the physical size of the resistor is not a limiting factor.
Piezoresistive materials have an electrical resistance that varies when placed under mechanical strain. This relationship can be treated as linear for small strains. The ratio, δ R , of the change in resistance, ∆R, to the nominal resistance, R, is given as
where G is the gauge factor of the material and ε is the strain [26] . An advantage of using piezoresistive sensing is that the signal detection can be accomplished using a Wheatstone bridge circuit. Figure 1 For the single-active Wheatstone bridge, only one resistor experiences the mechanical strain. Assuming all resistors have the same nominal resistance value, R, the relationship between the applied voltage, V, and the output voltage, V o , is given as
With the assumption that δ R is a very small number, this further reduces to For the half-active Wheatstone bridge, the voltage relationship is given as [24] A half-active bridge configuration has higher sensitivity and linear output. In this configuration, it is necessary that the magnitudes of the change in resistance for the two active elements are well matched; therefore the location of the resistors is crucial. Also, this configuration provides thermal compensation [24] . Designs presented below incorporate resistor placements for both single-active and half-active Wheatstone bridges.
Because the deflection of the beams is small as compared to the length of the legs, linear beam theory may be employed to determine a relationship between the applied load and the strain. Assuming fixed-guided boundary conditions for each leg, the deflection at the midpoint of the leg is found using equations 6, per reference [27] .
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where P is the leg's share of half the load applied to the platform, l is half the length of the leg, E is the Young's modulus and I is the area moment of inertia of the cross section of the leg. Using symmetry, the displacement, d, at the end of the leg can found by multiplying δ by a factor of 2. The maximum stress in the leg can be computed using equation 7 [27] . 
FABRICATION PROCESS
In this paper, the proposed device is planar. Hence, the fabrication appears to be simple and there are several methods that may be appropriate. The fabrication method must allow the use of a piezoresistive material with a sufficiently large gauge factor, such as silicon or polysilicon. The process must also allow for the finished device to move freely within its workspace and have electrical isolation between the resistor material and the structural material.
One possible method is to use the standard SUMMiT process with a backside Bosch etch [28] , shown in Figure 3 . This would require using the substrate silicon as the structural layer, silicon nitride as the electrical isolation layer and
creating the piezoresistors in the 0.3 µm polysilicon layer. Then, following the standard SUMMiT release, a two level mask backside etch can be performed to fully release the structure, as in Figures 3(d) and 3(e) . The alignment tolerance between front side deposition and backside etching is ± 5µm. 
DESIGN LAYOUTS
The proposed design uses piezoresistive strain gauges to determine an applied force. The device consists of a central platform supported by flexible legs. As a force is applied to the platform, the deflection of the legs will induce strain in the piezoresistors. Two platform designs are considered, a fourleg and three-leg configuration. Both configurations are shown in Figures 4 (a) and 4 (b) . In addition, there are several possible layouts for the resistor elements; two layouts are presented here.
Single-Active Resistor Layout
One possible layout for this device is a platform design in which resistors are placed at the fixed end of the legs, in an area that will experience maximum strain when a load is applied. This can be accomplished using any number of legs, with three being the minimum for stability and signal conditioning. Designs with either three or four legs are considered here. Resistor placement for a four-leg design is shown schematically in Figure 5 (a). Each leg has one sensing element that is connected to a single-active bridge. The force (F Z ) and moments (M X , M Y ) can be determined from the output voltages (V i , for sensor element i) using a transformation matrix, e.g., for the three-leg configuration 
The transformation equation for the four-leg configuration is as follows 1  11  12  13  14  2  21  22  23  24  3  31  32  33  34 
In order to determine the transformation matrix T , it is convenient to define a calibration matrix C that transforms force and moments into voltage. Analogous to reference [6] , the elements of the calibration matrix can be determined using
The L matrix is made up of applied loads, 1 l , 2 l ,…, n l where n must be greater than three and the V matrix is made up of the corresponding output voltages. The transformation and calibration matrix are related through the inverse. For the three-leg configuration the transformation matrix is square. Thus, the calibration for the three-leg case is mathematically simpler than the four-leg configuration that yields a non- To address the issue of the non-square matrix, another resistor layout is proposed for the four-leg configuration.
Half-Active Resistor Layout
The second resistor design uses multiple sensing elements on each leg and connects them to form three half-active Wheatstone bridges, one for each force and moment direction of interest. These three Wheatstone bridges share a common half bridge, in which the resistors used for sensing are arranged at points along the legs (refer to Figure 5(b) ). The two resistors in the common half bridge will be equal and experience no change in resistance when loads are applied. The M Yi corresponds to resistor i (sensing element i) of the Wheatstone bridge for measuring moments about the y axis, and so forth. 
PIEZORESISTIVE CHARACTERIZATION
In order to predict the output from the piezoresistive sensors fabricated in SUMMiT V, it is necessary to have an estimate for the gauge factor of the polysilicon. Some reference materials will cite that polysilicon has a gauge factor of 50, about half that of single-crystal silicon. These same references will also acknowledge that the gauge factor of polysilicon is highly dependent on a number of factors, including doping level, grain size, and deposition conditions [26] . Therefore, it is necessary to determine a gauge factor for the first layer of polysilicon in the SUMMiT V process. Test structures have been fabricated for this purpose.
The test structures are 0.8 micron thick silicon nitride cantilever beams with 0.3 micron thick polysilicon resistors deposited at the fixed end. The beams, pictured in Figure 6 , are 200x50 micrometers and are free to move from the substrate. The sensing resistor is connected in a single active Wheatstone bridge. As the beam is manually deflected in the positive z direction (away from the substrate), the change in voltage from the bridge is detected. The out-of-plane deflection is measured with an interferometer. Using beam mechanics, this measured deflection is related to the strain, which is used to determine an approximate gauge factor for the piezoresistors. An image of a deflected beam under the interferometer is shown in Figure 7 . These experiments show the polysilicon piezoresistors to have a gauge factor of 24.88. This value can be used in conjunction with the force-strain information from finite element analysis (FEA) to determine the predicted voltage output and sensitivities for the force sensor designs. 
RESULTS
An ANSYS FEA model of each device configuration and resistor layout is used to determine the stress response in the material for applied loads. Sample results for the four leg configuration subjected to a load in the z direction applied at the center of the platform are shown in Figure 8 . From this and other loading cases, the two resistor layouts (single-active and half-active) can be evaluated to determine which design yields the best sensitivity. 
Single-Active Resistor Layout
The sensitivity of the four-leg device using the first resistor layout was determined by applying a load from 0 to 1 mN at the center of the platform, perpendicular to the surface. The corresponding strains were calculated at the end of each leg. Using equation 3, with an input voltage of 5 volts, the output voltage was calculated. The results are shown in Figure 9 . Each leg shows an equal and linear response. Using the slope of the line, the sensitivity is found to be 1.26 mV/mN (0.252 mV out /V in for a 1 mN load). The voltage output corresponding to a loading in F z in the range of 0 to 100 mN will be 0 to 126 mV. Assuming a sufficiently low signal-to-noise ratio, the minimum detectable voltage using a 12-bit analog to digital converter is 0.081 mV.
The same load conditions applied to the three-leg configuration using a single-active resistor layout resulted in a theoretical sensitivity of 2.06 mV/mN (0.412 mV out /V in for a 1 mN load). For measurements up to 100 mN, the voltage output is 0 to 206 mV. This corresponds to a minimum detectable voltage 0.10 mV of using a 12-bit analog to digital converter.
The symmetry of the four leg configuration causes the results for an applied moment about either the x-or y-axes to yield similar responses. Referring to Figure 5(a) , a moment about the x-axis will be detected by the sensor elements in legs 2 and 4. Likewise, a moment about the y-axis will be detected in legs 1 and 3. Figure 10 shows the results for a positive moment applied about the y-axis with a magnitude of 0.15 µ(N-m). The sensitivity is 2.70 mV/µ(N-m) (0.54 mV out /V in for a moment of 0.15 µ (N-m) ).
A positive moment about the y-axis with a magnitude of 0.15 µ(N-m) was applied to the three-leg platform. As expected, legs 1 and 3 show a similar response due to their symmetry about the x-axis. Similarly, a moment was generated about the x-axis with a magnitude of 0. 
Half-Active Resistor Layout
To determine the sensitivity of the device using the second resistor layout, strain values are taken at locations along the length of the beam that correspond to the locations of the sensing elements. The same loading conditions for force and moments are applied for this device model. The response for a 1 mN load in the z-direction is shown in Figure  11 . The sensitivity for a normal load is 0.385 mV/mN (0.077 mV out /V in for a 1 mN load). The same resistors subjected to a moment of 0.15 µ(N-m) about the y-axis give a zero voltage output indicating that the output from the F z sensing bridge will not be affected by a moment loading about either the x-or y-axes. The output of the sensing bridge for moment about the y-axis under a 0.15 µ(N-m) load is shown in Figure 12 . The sensitivity for moment loads is 2.06 mV/µ(N-m) (0.412 mV out /V in for a 0.15 µ(N-m) load). Just as the F z sensing was unaffected by a moment loading, the response of the M y sensors from a normal load is also zero. The results for a moment about the x-axis are identical to those for the y-axis. This lack of cross talk between the different sensing bridges suggests that three desired degrees of freedom, F z , M x , M y , can theoretically be detected and measured individually using the second resistor layout. As discussed in the details of the fabrication process, the alignment tolerance between front side resistor fabrication and backside etching is ±5 µm. It is important to understand how a misalignment of this magnitude can affect the output from the Wheatstone bridges in each design. A study of the change in strain resulting within this misalignment tolerance is presented for both resistor layouts. The strain induced by a normal load was measured a distance of 5 µm in both directions away from the resistor location parallel to the x-axis and y-axis. For the single-active resistor layout, the results show a less than 1% change in strain along the width of the leg. Along the length of the beam there occurs a 2.5% change in strain from the desired resistor location. The 2.5% change in strain reduced the sensitivity to normal loads from 1.26 mV/mN to 1.23 mV/mN. The half-active resistor layout saw the same change in strain along the y-direction, less than 1%. The maximum change in strain along the x-direction that occurred for any resistor location is 5.2%. Introducing these readings into the simulation changed the sensitivity to normal loads by 0.5%.
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SUMMARY AND CONCLUSIONS
The work presented here discusses the major design issues for a three-axis micromachined force transducer with sensing abilities to meet the needs of microassembly tasks. Two resistor layouts were proposed that are based on the same planar platform structure. The first layout sensors arranged at the fixed ends of the legs as elements in single-active Wheatstone bridges. A calibration matrix is used to decouple and transform the readings into force and moment measurements. The second design uses 12 resistors located at various points along the length of the legs to determine the force and moments directly. These resistors are arranged into three half-active Wheatstone bridges. Structural analysis performed using finite element simulation is used to evaluate the suitability of each design.
At this early design stage, it appears that the single-active resistor layout yields the highest sensitivity. The resulting sensitivity for the four-leg platform is 1.26 mV/mN for forces in the z-direction. This resistor layout was also implemented on a three-leg platform providing a sensitivity of 2.06 mV/mN. The three-leg platform shows a higher sensitivity and will require less computation to calibrate due to the square transformation matrix. The higher sensitivity is a result of using fewer legs to support the same load as four legs. Therefore each leg will see a higher magnitude of strain and produce a stronger signal. Complex strains appear at the fixed end of the leg, where the resistors are located in the first layout. These undesirable stress components may reduce the sensitivity or provide inaccurate readings.
The sensitivities of the half-active resistor layout for normal and moment loads are 0.385 mV/mN and 2.06 mV/µ(N-m), respectively. The lower sensitivities may be corrected by optimizing the device parameters. An advantage of this design is that the strain being detected by the resistors is more predictable and highly directional because the strain along to the length of the beam is much greater than the other components of strain at these locations, for the giving loading cases [23, 24] .
Overall, the above sensitivities are off from the desired goal by a factor of 5 to 20 depending on which of the above configurations and layouts is chosen. However, the designs show promise especially considering there was no optimization performed in the above work. Thus, future work includes optimization of the model and a more in-depth parametric study to further improve the performance of the device. Analysis of noise and signal conditioning is required to ensure that the operation of the device will meet resolution requirements for microassembly tasks. After the sensitivity goals have been met, fabrication and calibration of the sensor design will begin.
In addition, more complex threedimensional designs are being considered that can offer a wider range of applications.
